Spiral density waves are thought to be excited in the accretion discs of accreting compact objects, including Cataclysmic Variable stars (CVs). Observational evidence has been obtained for a handful of systems in outburst over the last two decades. We present the results of a systematic study searching for spiral density waves in CVs, and report their detection in two of the sixteen observed systems. While most of the systems observed present asymmetric, non-Keplerian accretion discs during outburst, the presence of ordered structures interpreted as spiral density waves is not as ubiquitous as previously anticipated. From a comparison of systems by their system parameters it appears that inclination of the systems may play a major role, favouring the visibility and/or detection of spiral waves in systems seen at high inclination.
INTRODUCTION
A wide variety of astrophysical objects, such as newlyformed protostars, compact binaries or supermassive black holes in Active Galactic Nuclei, harbour accretion discs. Matter needs to lose its angular momentum in order to be accreted onto the central object, implying that some form of viscous stress must be operating in accretion discs and driving the transport of angular momentum. Shakura & Sunyaev (1973) suggested that subsonic turbulent eddies, v turb ≈ c s , comparable in size to the vertical scale height of the disc, l turb ≈ H, were responsible for the viscosity. For the so called α-discs, the viscosity can be expressed as:
where α is a free parameter that characterises the efficiency of the transport of angular momentum. The viscosity parameter can be constrained by observations, e.g. studies of the evolution of the stellar accretion rate in protostellar discs yield α ∼ 10 −2 (Hartmann et al. 1998) . Observations of compact binaries, and Cataclysmic Variable stars in particular, have provided the best estimates of the α parameter: α = 0.01 − 0.03 in cold discs and α = 0.1 − 0.3 in hot discs (see reviews by Cannizzo 1993 , Kotko & Lasota E-mail: r.ruizcarmona@astro.ru.nl 2012). Cataclysmic Variable stars (CVs) consist of a mainsequence late-type star that feeds an accretion disc around a white dwarf via Roche-lobe overflow (see Warner 1995 for an extended review and details of their phenomenology).
At low mass-transfer rates ( M ≤ 10 −8 M yr −1 ), characteristic of the sub-type of non-magnetic CVs known as dwarf novae, accretion discs are susceptible to a thermal-viscous instability occurring when temperatures and densities are high enough to ionise hydrogen (Osaki 1974 , Hōshi 1979 , for a review see Lasota 2001). This makes their discs alternate between a cold, low accretion-rate, state of quiescence and a hot, high accretion-rate, state of outburst (e.g. Cannizzo 2012 using U Gem and SS Cyg as examples). At high masstransfer rates, characteristic of a subclass of non-magnetic CVs known as novalikes, discs do not experience thermal instability and remain hot at the high state (e.g. Rutten et al. 1993 on UX UMa, Groot et al. 2004 on RW Tri) .
There are several mechanisms proposed to explain the source of viscosity observed in accretion discs (in CVs). First, the magnetorotational instability (MRI; Balbus & Hawley 1991) allows conducting plasma cells in differential rotation to exchange angular momentum via magnetic torques induced by a weak axial magnetic field. It has been argued that MRI turbulence is not sufficient to account for the observed viscosity (King et al. 2007 , Kotko & Lasota 2012 , since many numerical simulations produce low val-ues of the viscosity parameter (e.g. Shi et al. 2010 , Guan & Gammie 2011 , although recent results are trying to reconcile this issue (Hirose et al. 2014 , Coleman et al. 2018 .
A second contributor to the viscosity are spiral density waves; tidal perturbations that propagate inwards as waves (Lynden-Bell & Pringle 1974 , Sawada et al. 1986a , Spruit 1987 . Spiral waves can steepen into shocks at speeds faster than the speed of sound in the disc, and deposit negative angular momentum into the disc (Goldreich & Tremaine 1980 , Papaloizou & Lin 1984 , Arzamasskiy & Rafikov 2018 , especially when the disc is hot and Mach numbers are low, which causes the spiral arms to be more openly wound (Lin & Papaloizou 1993 , Steeghs & Stehle 1999 . A large number of (magneto-)hydrodynamical (MHD) simulations result in spiral shocks developing in discs (Sawada et al. 1986b , Armitage & Murray 1998 , Steeghs & Stehle 1999 , Lanzafame & Belvedere 2005 , Montgomery & Bisikalo 2010 , and the first global three-dimensional MHD simulations yield values of the effective viscosity compatible with the observations even if the MRI is operating actively (Ju et al. 2016 (Ju et al. , 2017 . Spiral density waves have been directly observed in protoplanetary discs (e.g. Pérez et al. 2016) and in Saturn's rings by the Cassini mission (e.g. Tiscareno et al. 2006 , Tiscareno & Harris 2018 . The accretion discs in CVs cannot be spatially resolved, and therefore we rely on indirect imaging techniques, such as Doppler tomography (Marsh & Horne 1988 , see review Marsh 2001) . Doppler tomography uses the information in the emission line profiles at different orbital phases to construct an image of the accretion disc in velocity space. Spiral density waves have been detected in a handful of systems during outburst, mostly through Doppler tomography (although see Smak 2001 and Ogilvie 2002 for alternative interpretations). Most notably IP Peg (Steeghs et al. 1997) , V347 Pup (Still et al. 1998) , EX Dra ), U Gem (Groot 2001) , WZ Sge (Baba et al. 2002) exhibit spiral structure in their tomograms (see Steeghs 2001 for a review).
In this work, we observe CVs during outburst in order to detect and study spiral density waves with Doppler tomography. We use the hundreds of CVs identified by the Palomar Transient Factory (PTF; Rau et al. 2009 , Law et al. 2009 to ensure that at any time we can find a number of systems in outburst to follow up spectroscopically. This paper is organised as follows: we describe in detail our observational strategy and describe our observed systems in Section 2; we briefly comment on the analysis techniques and Doppler tomography in Section 3; we describe our tomographic results in Section 4, we interpret our results in Section 5 and we summarise our conclusions in Section 6. Additionally, we present photometric data gathered from large synoptic surveys such as PTF in Appendix A, we provide an overview of the derivation of system parameters and mass transfer rates in Appendix B, we briefly comment on the tomograms showing signs of spiral structure published in the literature in Appendix C, we present nightly average spectra in Appendix D, and additional tomographic results in Appendix E.
OBSERVATIONS

Observational strategy
We have used the William Herschel Telescope (WHT) at the Roque de los Muchachos Observatory in La Palma to obtain phase-resolved spectroscopy of CVs in outburst. The occurrence of an outburst in any given system is unpredictable, but we overcame this obstacle thanks to the Palomar Transient Factory (PTF; Rau et al. 2009 , Law et al. 2009 ). PTF started observing the optical transient sky in 2009, and it was followed by the intermediate Palomar Transient Factory (iPTF) and more recently by the Zwicky Transient Facility (ZTF; Graham et al. 2019 , Bellm et al. 2019 ). An automated pipeline calibrates all data, performs image subtraction for transient detection and classifies sources in real time (Cao et al. 2016) . PTF accumulated the light curves of hundreds of Cataclysmic Variables over the years, so many that it is guaranteed that some of them will be in outburst at any given time.
PTF and its successors detected and reported transients (and high-amplitude variables such as dwarf nova oubursts) through an internal web-page system called a 'transient marshal'. We inspected all the light curves of classified CVs available in the PTF transient marshal, in order to select candidates for our campaigns: as bright as possible and with a recurrence time as short as possible. Light curves with only a few points but exhibiting one or two outbursts will get selected on the basis that it is likely that the system spends a significant fraction of time in outburst, but was located in a field that is sparsely sampled by (i)PTF. This resulted in a number of candidates that were poorly known and for which very little to no additional information is available. Other surveys, such as the Catalina Real-Time Survey (CRTS; Drake et al. 2009 ), were used to confirm the outbursting nature of the systems (see Appendix A1).
At the beginning of each observing run at the WHT, using the instrument ACAM we performed a quick photometric scan of the candidates. In the first observing run, we found 8 out of 42 candidates in outburst (Table 1) . Identification spectra were then acquired on the systems found in outburst in order to select one or two to follow-up with phase-resolved spectroscopy. Selection of the final set of candidates depended on e.g. the brightness, the orbital period, weather conditions and the presence of emission lines during outburst.
Furthermore, our interest is to study the evolution of the accretion disc as the outburst progresses. In order not to miss the earlier phases of the outburst, we required additional photometric information on the days before our spectroscopic observations. For our second observing programme, we monitored 9 systems with two small telescopes at the Huygens Observatory (Radboud University, Nijmegen, The Netherlands) and at the Rothney Astrophysical Observatory (University of Calgary, Canada). We also obtained photometry on 15 candidates with the Isaac Newton Telescope on 15 June 2014. Additionally, we obtained photometry on 52 systems the night of 18 June 2014 in service mode with WHT/ACAM. With these observations, we found two systems at an early phase of their outburst; most notably PTFS 1117an for which the rising phase was observed spectroscopically.
In subsequent observing programs, we incorporated the (Davis et al. 2015) and the Cataclysmic Variables Network (CVnet) 2 and its CVnet-outburst mailing list service 3 .
Finally, we also observed some candidates with the robotic telescope pt5m (Universities of Durham and Sheffield; Hardy et al. 2015) . pt5m reduces images and uploads results online in real time, and was very helpful with our photometric scans of candidates. For instance, the system PTFS 1121b was confirmed in quiescence on 10 July 2017, but found in outburst with pt5m and followed-up with the WHT a day later.
Observational data
We dedicated 40 nights to our systematic search of spiral density waves with the WHT (see Table 1 ). We collected around five thousands spectra with the intermediate resolution spectrograph ISIS and several hundred images with ACAM. We present in Table 2 details on the observations acquired for every system.
The instrumental set-up for ISIS was to use gratings R600R for the red arm and R600B for the blue arm, resulting in unvignetted wavelength ranges 3950-5100Å and 5800-7000Å respectively. The detectors RED+ and EEV12 were set up with a narrow window of 150 pixels in the spatial direction and 2×2 binning, in order to keep the readout time to a minimum and to provide a better match of the pixel scale to the actual resolution of the spectrograph. The slit width was typically 1.0 , although we have occasionally used wider slits up to 1.5 in poorer seeing conditions. A 1.0 setup gives a velocity dispersion in the range of 22-33 km s −1 , and an average velocity resolution element of approximately 90 km s −1 .
All spectra were corrected for the bias level and flatfield variations using an internal lamp flat, and optimally extracted with iraf and our own codes in pyraf. All spectra were acquired in arc-bracketed sequences for wavelength calibration using CuNe and CuAr lamps in, typically, onehour long runs. The following spectrophotometric standards stars were also observed and used for flux calibration: Feige 66, Feige 67, Feige 110, G191-B2B, GD 50, BD+25 4655, BD+28 4211, BD+33 2642 (Oke, J B 1990) .
ACAM images were de-biased and corrected with twilight sky flat frames. We performed differential aperture photometry on the targets and 3-4 other field stars, in order to assess the state of ongoing outbursts (see Table 2 ). The reference magnitudes in the r-filter were obtained from the In addition to ACAM images, we obtained photometric observations of PTFS 1118m with the Wide Field Camera mounted on the 2.5-meter Isaac Newton Telescope on 15 June 2014 (see Appendix A2).
Observational sample
We have observed several subtypes of CVs, characterised by (briefly); SU UMa: orbital periods below the period gap (< 2 hours) and frequent outbursts (recurrence times are from days to weeks); U Gem: orbital periods above the period gap (> 3 hrs) and regular outbursts (recurrence times are months to years); Z Cam: systems above the period gap that are mostly outbursting like U Gem systems but occasionally remain bright in a 'stand-still'; AM CVn: not Cataclysmic Variables, but related systems in which hydrogendepleted gas is transferred from a white dwarf or semidegenerate helium-star donor, at orbital periods less than approximately one hour (Nelemans 2005 , Solheim 2010 ). An overview of all observed systems is given in Table 3 . Our sample contains 8 systems of the SU UMa sub-type, 6 systems of the U Gem sub-type, 1 system of the Z Cam subtype and 1 AM CVn system. The long-term light curves of the stars in our sample, as observed by different surveys, are presented in Figures A1-A2. We have also calculated their system parameters (see Appendix B for details), and present the results in Table 4 .
A number of systems are noteworthy:
• PTFS 1118m is a relatively unknown system, that started being followed by amateur observers after ASASSN reported the first outburst (Stanek 2013) . We report its orbital period obtained via light curve fitting (see Appendix A2).
• PTFS 1115aa (NY Ser) is a SU UMa-subtype star in the period gap, that shows stand-stills typical of Z Cam stars (Kato et al. 2019) . The observations of PTFS 1115aa by Kato et al. (2019) provided the first evidence that superoutbursts can begin from standstills, and that accretion discs can grow during standstill state.
• PTFS 1117an, also SDSS J173008.38+624754.7, has been well observed by several surveys (Drake et al. 2009 , Palaversa et al. 2013 ; see Figure A1 ) and has been included in a handful of studies of statistical properties of CVs (e.g. Otulakowska-Hypka et al. 2016 ).
• PTFS 1200o is an eclipsing system extensively covered by PTF and CRTS. Its light curve exhibits primary and secondary eclipses, that were initially confused with one another in the PTF transient marshal. In this work, we model the light curve and report its orbital period (see Section A2).
• SV CMi is a bright U Gem subtype CV discovered in the late 1920s (Hoffmeister 1929 , Hoffmeister 1930 , that was mis-classified as Z Cam (Simonsen et al. 2014 ). There are a large number of observations in the AAVSO database, but the system has not been observed by any large synoptic survey, presumably because of its proximity to the Galactic Plane (b = 12.1 • ). SV CMi was reported in outburst by CVnet-outburst services on 11 December 2014.
• PTFS 1119h (V1504 Cyg) is a SU UMa star that was extensively observed by Kepler. Osaki & Kato (2013) studied the Kepler light curve and recognized that every single superoutburst began with a precursor normal outburst, with superhumps appearing at the peak of the precursor outburst. Osaki & Kato (2013) also showed that positive and negative superhumps can coexist in this system, which means that the disc can be eccentric and tilted at the same time. The frequency of negative superhumps varies systematically with the supercycle, providing evidence of disc growth in radius which supports the thermal-tidal instability model (Osaki 1989) . We first observed PTFS 1119h in our June 2014 observing run, but we failed to cover the entire orbital period. We obtained spectroscopic data in July 2015, when the system was probably in superoutburst; the system declined 0.46 mag in 5 days according to our photometric data (Table 2) .
• PTFS 1101af (AR And) is a bright system that goes into outburst very frequently (Coppejans et al. 2016) . Shafter et al. (1995) presented a Doppler tomogram of Hα in emission, where the disc appears axisymmetric with no additional features. Taylor & Thorstensen (1996) obtained phase-resolved spectroscopy in order to obtain the orbital period. Their average spectrum in quiescence shows narrow emission lines, with relatively strong Fe ii lines that fall outside of the wavelength range of our observations.
• AH Her is a system of the Z Cam subtype which has been very well observed by AAVSO amateur observers (Simonsen et al. 2014) , and other surveys (e.g. Drake et al. 2009 ) thanks to its intrinsic brightness in quiescence. AH Her's spectrum is dominated by the accretion disc and the secondary star, with minimal contribution of the white dwarf (Urban & Sion 2006 , Hamilton et al. 2007 . Intense photometric monitoring of AH Her has been carried out since 1994 (e.g. Spogli et al. 2001 , Spogli et al. 2002 . A set of synthetic disc spectra at different levels of activity has been computed (Spogli et al. 2011 ).
• CR Boo (PTFS 1113bc) is one of the best known AM CVn stars. The system's long-term behaviour alternates between a state of frequent outbursts, spending 74% of the time at around peak luminosity (Wood et al. 1987 ) and a state of regular superoutbursts with normal precursors with a fainter quiescence (Isogai et al. 2016 ). Its light curve shows a very rapid decay from outburst, i.e. 2.7 mag d −1 (Kato et al. 2000) , and its spectrum shows wide and shallow neutral helium lines (Wood et al. 1987) . Levitan et al. (2015) showed the system to have a 46.5d recurrence time between superoutbursts. We obtained phase-resolved spectroscopy on 28 May 2016, as the system seemed to be active on that night but in quiescence state the previous and the following nights.
• PTFS 1215t (SDSS J153015.04+094946.3), is a known SU UMa subtype star characterised by a short supercycle of approximately 85 days, but unexpectedly only shows a small number of normal outbursts (Kato et al. 2017). Wood & Burke (2007) proposed that the accretion disc must be warped or tilted, allowing for the accreted matter to reach the inner parts of the disc instead of accumulating at the outer edge.
• RZ Sge is a SU UMa subtype star, well monitored by amateur observers. Its spectrum presents double-peaked Hα line (Patterson et al. 2003) , indicative of high inclination.
• V503 Cyg is known to exhibit both positive and negative superhumps (Harvey et al. 1995) , although the negative superhumps are not always present (Pavlenko et al. 2012) . V503 Cyg presents states of very frequent normal outbursts in the supercycle and also states of very normal outbursts accompanied by premature quenching of superoutbursts (Kato et al. 2002) . Similarly to PTFS 1119h and PTFS 1215t, a tilted disc is invoked in order to explain the later state. V503 Cyg was reported into outburst by the CVnet-outburst services, and we lack photometric observations.
• PTFS 1121b (VZ Aqr) is a very little-studied dwarf nova, despite being a relatively bright system during outburst. Its recurrence time has been derived (Shakun & Timko 1994) , and its outburst spectrum shows absorption lines with emission cores for the Balmer lines, with very faint helium lines (Morales-Rueda & Marsh 2002) .
• PTFS 1716bc is a dwarf nova discovered by Rau et al. (2006) in a search of optical afterglows of gamma-ray bursts. We found that PTFS 1716bc is an eclipsing system, and report its orbital period (Section A2). 
ANALYSIS
All spectra were normalised by their continuum levels, that were fitted with a low-order polynomial. Spectra were rebinned in velocity space around the central wavelength of the lines, and saved in the ndf format used by the molly 4 software.
Since Doppler tomography, in the maximum-entropy implementation of doppler, cannot deal with negative numbers, we treated the absorption lines present in some of the spectra (see Figures D1-D2 ) in the following manner, following . We fitted the absorption on the average spectrum per night with a Gaussian profile, masking out the central cores in emission. We built a two-dimensional Gaussian in Doppler space with the width and peak flux obtained in the fit. We derived spectra from the 2D Gaussian at identical pixel size, phases and exposures times to our data, and we added them to the original spectra. This is sufficient to negate the absorption and recover the emission cores. Note that adding a 2D Gaussian will not contribute to any asymmetries that may appear in the tomograms.
We computed Doppler tomograms with the doppler 5 software. We implemented a proportional decrement in χ 2 , and we blurred the tomograms with a Gaussian that is roughly 4 resolution elements wide at every step. We derived systemic velocities for every data set, using radial velocity analysis, diagnostic diagrams and Doppler tomography itself (see Ruiz-Carmona et al. 2019a) . These techniques yielded similar results for the strongest lines, but results by Doppler tomography were favoured if there is disagreement for the faintest lines. We selected the optimal tomograms with the guidance of two-dimensional Fourier transforms of the to-mograms (Ruiz-Carmona et al. 2019a) . In cases where the absolute phase is unknown, we added an offset to locate the presumed signature of the secondary star at the expected position in the tomograms. Some of the data sets are too faint for Doppler tomograms to be computed; trailed spectra only are presented instead.
We apply a bootstrap routine to a selection of systems that exhibit spiral structure in their tomograms in order to obtain significance maps following Ruiz-Carmona et al. (2019a) . In brief, we compute N boots = 2500 tomograms from data subsets for which pixels are randomly selected with replacement. We adjusted error bars according to the number of times a particular pixel was selected, and conserve the flux (Watson & Dhillon 2001) . We define a representative region of the accretion disc, typically towards the lower right region of the tomograms (orbital phases 0.25-0.5), where no emitting features such as spiral waves or bright spots are expected. The radial origin of these regions is at the position of the white dwarf, and we use constraints in flux to delimit the upper and lower edge in (velocity) radius from the white dwarf; and add a constraint in azimuth to avoid including emitting structures. We characterise the flux in the accretion disc region by its average, F disc , and its standard deviation σ disc . We obtain significance maps on a pixel by pixel basis, by taking the largest value of m that verifies the null hypothesis that the flux in a pixel is larger than the flux in the selected disc region plus m times the standard deviation of the disc:
We emphasize that the variance parameter m cannot be interpreted in terms of σ significance, because the parent distribution is not necessarily Gaussian. It is a lower limit since the standard deviation in the accretion disc is always larger than the standard deviation of the distribution of flux of any pixel across the bootstrapped tomograms, σ pix : σ disc ∼ > σ pix .
RESULTS
For all our systems, we present an average spectrum per observing night in Figures D1-D2, and trailed spectra and Doppler tomograms of a selection of the strongest spectral lines in Figures 1-11 .
We classify the resulting tomograms in three groups:
(i) Doppler maps that show very little structure. The accretion disc is difficult to distinguish. Some of these tomograms are dominated by small regions of enhanced emission, that cannot be traced to known or expected components such as bright spots or spiral shocks. (ii) Tomograms characterised by asymmetric, non-Keplerian discs, with emission components that appear at regions where spiral shocks are not expected. (iii) Tomograms with evidence of spiral structure. We further examine these maps using bootstrapping in order to confirm the significance of the structures.
Tomograms with undefined discs
The systems showing little to no structure in their tomograms are:
• PTFS 1118m ( Figure 1) ; an undefined structure close to the center of the tomograms is visible in the Balmer lines. The secondary star and a central spike are clearly visible in Hα on August 30.
• PTFS 1122s ( Figure 2 ); tomograms are rotated in phase assuming that the secondary star is observed in Hα on August 28. This leaves the presumed emission from the secondary at different nights out of phase, questioning our assumption. Tomograms of the Balmer lines have a consistent appearance from night to night, exhibiting some structure in the disc towards the end of our observations. The most consistent emission feature appears towards the lower right part of the maps. The tomograms of He i lines are extremely faint. We also note consistent variations in the equivalent width of the lines showing up as horizontal bars in the trailed spectra, most notably on August 29, perhaps hinting at selfobscuration.
• PTFS 1119h (Figure 3 ); S-waves in the trailed spectra translate into extended emission in the tomograms. This emission component is consistent across the Balmer lines for a given night, but changes in extension and phase with time. It is hard to recognize the accretion disc or emission from the secondary star.
• PTFS 1215t (Figure 4) ; does not show a clear accretion disc nor any other distinguishable structure, possibly due to lower signal-to-noise ratios.
• PTFS 1113bc (CR Boo; Figure 4) : the spectral lines are extremely faint and absorption is hard to model. As a result, the tomograms are very faint.
• V503 Cyg (Figure 4) ; the accretion disc in Hα shows enhanced emission towards the right part of the tomogram. In Hγ, the enhanced emission appears at the lower left of the tomogram, and occupies half of the disc.
Tomograms with asymmetric discs
The systems with asymmetric disc structures are:
• PTFS 1115aa ( Figure 5) ; some emission at the middle left of the tomograms consistently shows in the first two nights. A strong emission feature towards the lower right part of the tomograms shows up in the last two nights. The latter component appears stronger and more extended.
• PTFS 1117an ( Figure 6) ; strong S-waves are present in the trailed spectra that are traceable to an emission region that shifts counterclockwise from the lower right to the top left parts of the tomograms with the progress of the outburst. This behaviour is consistent for Hα, Hβ and He i λ5876.
• PTFS 1101af (Figure 7) ; very clear S-waves are present in the trailed spectra. The accretion disc and emission from the secondary star are distinguishable in different lines. There is enhanced emission in the trailed spectra at phases 0.0-0.25 towards negative velocities, most notably in the first nights, but this does not result in a localized emission region in the tomograms.
• PTFS 1121b (Figure 8) ; the accretion disc and presumed emission from the secondary star is present. There are signs of a third component in the trailed spectra, similarly to PTFS 1101af, but this is difficult to distinguish in the tomograms.
• RZ Sge (Figure 8) ; a clear disc structure is seen in Hα only. Interestingly, the presumed emission from the secondary star appears rotated about 90 degrees counterclockwise in the Hα tomogram of the second night (May 29), while remaining at the expected position in other lines. If this is the same emission component it is evidently not from the secondary star. The tomogram of Hα on May 28 shows some extended structures toward the top left and bottom right of the tomogram.
• V795 Cyg (Figures 9-10) ; the clearest accretion disc structure is present in the Hγ tomogram of September 2.
The accretion disc appears nearly axisymmetric in the first night, but it is manifestly asymmetric in subsequent nights. The trailed spectra display two distinct S-waves that trace back to the secondary star and an emission region towards the lower part of the tomograms. This emission component is clearly visible in the Balmer lines and He i λ6678, and remains roughly in the same position from night to night.
• AH Her ( Figure 10 ); similar emission components as in V795 Cyg are seen in the trailed spectra and tomograms, in particular the secondary star and an enhanced emission towards the lower left of the tomograms.
Tomograms with spiral structure
In this Section, we report on the systems that show spiral structure in their tomograms. We describe the significance maps we obtained via bootstrapping of selected tomograms ( Figure 11 ). Additional tomograms can be found in Appendix E. The systems with evidence of spiral structure are:
• PTFS 1200o; exhibits evidence of strong spiral strucure in its Hβ and Hα tomograms and especially in the He ii λ4686 line. In the Balmer lines, the secondary star seems visible in all tomograms while the analogous component in He ii λ4686 appears shifted towards the centre of the tomogram. The significance maps reveal asymmetric discs in the tomograms, with strong emission from the secondary star. In Hβ, the significance of the spiral arms cannot be confirmed. In Hγ, the arm in the lower left is established in the significance maps on December 13 and, more strongly, on December 14. The arm at the upper right is confused with the emission from the secondary star. In He ii λ4686, the significance maps confirm the robust detection of spiral density waves, especially in the later two nights. The arm at the lower left grows stronger with the progress of the outburst, while the arm at the upper right appears less extended every night with maximum strength on December 13.
• SV CMi; shows spiral structure on December 14 in Hβ and Hγ, with some evidence of a bright spot. Tomograms on December 13 show a clear two-armed structure, but data at many phases are missing and we will not further discuss those tomograms. The i lines are too faint to compute Doppler maps.
The significance maps support the solid detection of spiral waves in Hβ and Hγ. The lower left arm is more extended in Hγ, and part of it was included in the accretion disc region, resulting in slightly lower values of the significance parameter. There is also evidence of a bright spot.
• PTFS 1716bc; this is a very faint system. There is evidence of spiral structure in the tomograms, especially on July 12. The spiral structure is best visible in Hβ and He i λ5876, while the tomograms in Hα and Hγ show fainter asymmetric discs.
The significance maps in Hβ are patchy and irregular, although reaching values of m = 6. In He i, the significance parameter is low, with no regions characterised by m ≥ 3. We conclude that the detection of spiral waves is not yet robust in this system and will require higher signal-to-noise coverage during a future outburst.
DISCUSSION
The premise of our research was to determine the prevalence of spiral density waves in accretion discs in outburst, and thereby establish their role to the physics of hot discs, and in particular to their role in the transport of angular momentum through hot viscous discs.
It is worth noting that the spiral structures detected in Doppler tomograms are obtained from enhanced line emission, and are not necessarily shocks. Emission lines typically form in superficial layers of the disc, and assessing whether or not there is underlying vertical structure through the bulk of the disc is a difficult task. Along these lines, there are critical views about the interpretation of tomograms such as Smak (2001) , and Ogilvie (2002) , who propose that the emission in the tomograms originates in irradiated tidallydisturbed regions in the disc, not in shocks. As noted by Smak (2001) , it is often assumed in numerical simulations that disc surface density and line emissivity are the same thing which may not be true, as very few radiative transfer studies have been made. Future simulations should incorporate a proper treatment of radiative processes in order to elucidate if spiral shocks are detectable with Doppler tomography.
Expectations on spiral density waves in outburst
Our study reveals a low turnout of spiral density waves in CVs during dwarf nova outburst. Although these results are not entirely unprecedented, e.g. OY Car , the detection of spiral density waves was expected based on a number of arguments. First, the technique of Doppler tomography is well suited to map spiral density waves down to intensity contrast levels of about 8% with respect to the disc, opening angles greater than φ < −73 • (for spectral and temporal resolution comparable to our data) and signal-to-noise ratios (SNR) as low as 5 -10 in the individual spectra (Ruiz-Carmona et al. 2019b ). Spiral shocks have been detected to contribute 15% to the emission of the tomogram (e.g. Groot 2001 ) and to have large opening angles during outburst (φ ≈ −55 • in IP Peg, Steeghs et al. 1997; Steeghs & Stehle 1999) . The quality of our data is well above the SNR threshold (SNR = 15 -60); note that we found spiral structure in the faintest system, i.e. PTFS 1716bc.
Second, the detection of spiral density waves is repeatable. Tomograms of IP Peg showed spiral density waves in at least five distinct outbursts , Steeghs et al. 1997 . V347 Pup and EC21178-54 also showed spiral waves at different epochs (Still et al. 1998 , Thoroughgood et al. 2005 and Khangale 2013, Ruiz-Carmona et al. 2019c respectively) . This repeatability suggests that, in a given system, spiral structure is always detectable in accretion discs in outburst, especially considering the historic scarcity of phase-resolved spectroscopic data during dwarf nova outbursts. Our observational strategy has now solved the difficulties of finding systems in outburst, removing the obstacles for collecting this type of data.
Third, the mechanisms that trigger the formation of spiral density waves prevail in CVs. Tidal interaction is a consequence of the non-axisymmetric gravitational potential characteristic of compact binaries, and is especially at work in outbursting discs as they are hot and large in size and can therefore more easily reach a resonance radius (Whitehurst 1988, Savonije et al. 1994 As a counterargument, even though spiral waves may develop in outbursting discs, the spiral structure is not necessarily observable, either due to low contrast with the disc, or because the emission regions may be obscured by selfabsorption.
Overview of system parameters
In this Section, we examine the system parameters of compact binaries to understand if any of them favour the detection of spiral density waves. For this purpose, we have gathered and calculated the information presented in Table 4 , using the methods and expressions in Appendix B. We also present the physical parameters of systems for which there are published claims of spiral structure detection in their tomograms (Table 5 ). For consistency, we have excluded stud- Figure 9 . Doppler tomograms and trailed spectra for V795 Cyg Figure 11 . Trailed spectra, Doppler tomograms and significance maps for selected emission lines and systems.
ies that use techniques other than Doppler tomography, e.g. IY UMa with light curve fitting (Khruzina et al. 2008) or V348 Pup with eclipse mapping (Saito & Baptista 2016) . Similar to the treatment of our results, we distinguish systems where spiral shocks are at the expected phases (i.e. similar to those seen in IP Peg and U Gem) from systems that display enhanced emission from asymmetries in their disc. We briefly comment on the tomograms from literature in Appendix C. We represent some of these parameters against orbital period in Figure 12 , and discuss their potential influence in the detection of spiral waves.
Inclination
In highly inclined systems, the disc is seen edge-on and the continuum from the optically thick disc can be hidden from view. At lower inclinations many discs in outburst display absorption lines . In highly inclined systems, emission lines formed above the disc in a chromosphere-type configuration may become more visible due to the foreshortening of the disc continuum. Many of the systems with published tomograms that exhibit spiral density waves are eclipsing and therefore at high inclination, and show emission lines during the outburst phases. The two eclipsing systems in our sample, PTFS 1200o and PTFS 1716bc, show evidence of spiral structure in their tomograms. Hence, the systems' inclination is of importance in the detection of spiral shocks, although not a prerequisite (Figure 12a ). SS Cyg and SV CMi show evidence of spiral structure even though they are not eclipsing (i ≈ 55 • ), but their outburst spectra do display pure emission lines.
On the other hand, the eclipsing systems V2051 Oph, V2779 Oph, HT Cas and CRTS J0359 do not display a clear spiral structure, but instead present discs with asymmetric emission at phases other than those expected for spiral density waves. For instance, CTRS J0359 presents absorption components in the centre of the lines ). V2779 Oph seems to have absorption components that vary in strength with orbital phase (Yakin et al. 2010) ; but this is not the case for HT Cas nor CRTS J0359. HT Cas shows emission components that visible at certain phases in the trailed spectra ), but do not display clear S-waves, perhaps due to self-obscuration.
For highly-inclined systems, the line-of-sight can intersect regions of variable optical depth if the scale height at the outer rim of the disc is phase dependent. This can effectively hide emission from parts of the disc, resulting in asymmetries in the tomograms. If scale height scales with e.g. temperature, it is plausible that discs exhibit variable scale heights, e.g. around the hot spot, leading to self-obscuration.
Mass ratio
Accretion discs in compact binaries are susceptible to Lindblad resonance in cases where the mass ratio allows for the discs to grow up to a resonance radius: (Lin & Papaloizou 1979 -resonance 2:1 if q ∼ < 0.1; Whitehurst 1988 -resonance 3:1 if q ∼ < 0.25). Spiral density waves can be excited as a result of this type of tidal interaction (Lin & Papaloizou 1979) . At larger mass ratios, the Lindblad 3:1 resonance can be important if the disc is hot (Savonije et al. 1994) . Figure 12b shows how CRTS J1111, WZ Sge and PTFS 1716bc, which show spiral structure in their tomograms, are in the mass ratio range where tidal resonances can occur in the disc. In contrast, PTFS 1115aa and, especially, CRTS J039 are characterised by mass ratios too large to be susceptible to tidal resonance, although they both exhibit superhumps. There is no correlation between mass ratio and the occurrence of detectable spiral structures for systems with orbital periods longer than 3 hours.
Mass of the primary
Spiral density structures are more prominent in Doppler tomograms of He ii λ4686 (e.g. Morales-Rueda & Marsh 2002) . This could point to a higher-mass of the primary white dwarf, since accretion into a deeper potential can produce more ionizing radiation able to enhance He ii emission. The same effect can be obtained by higher mass-accretion rates or by weakly magnetized flows causing accretion shocks.
In Figure 12c , we can see how CRTS J1111, V406 Vir, IP Peg, U Gem and PTFS 1200o harbour more massive white dwarfs compared to other systems at their orbital periods. The systems that exhibit spiral structure in our sample, i.e. PTFS 1200o, SV CMi and PTFS 1716bc, present He ii emission lines in their spectra. It should be noted that masses of the stellar components are hard to estimate, and assuming an average value M 1 = 0.75 is common practice (Patterson et al. 2005) .
Mass transfer rate
Finally, we study how the detection of spiral waves relates to the mass accretion rate. We estimated the mass accretion rate in two ways (see Appendix B4 for details on the calculations): using the mass transfer rate from the secondary and duty cycles in Figure 12d , and using the outburst luminosity in Figure 12e .
In Figure 12d , data points generally follow the equations in Appendix B4. Novalikes, for which we assumed to be always in the high state and equated their mass accretion rate to their mass transfer, fall below the general trend. PTFS 1121b and PTFS 1200o, for which realistic duty cycles have been reported (Coppejans et al. 2016) , are outliers on the high side. Additional studies of duty cycles based on short-cadence, dense coverage light curves are necessary to draw conclusions. Current projects such as the Zwicky Transient Facility (Bellm et al. 2019 ) will be ideal for this.
In Figure 12e , we note that many systems with evidence of spiral structure are characterised by mass accretion rates lower than 10 −9 M yr −1 , although the systematic uncertainties in these calculations are large. If the spiral structure detected in the tomogram were related to spiral shocks that lead to enhanced angular momentum transport one would expect these systems to show high accretion rates during outburst. Table 4 . System parameters of the observed systems in this study. Columns are orbital period, superhump period, mass ratio (q), mass of the secondary star, mass of the primary star, inclination, distance, duty cycle dc, mass transfer rate from the secondary star, mass accretion rate onto the primary estimated from the mass transfer rate, from the outburst luminosity and from the literature. Details of the calculations are given in Section B. 0.11 i 1.0 ± 0.5 8.9 ± 5.3 2.5 ± 1.9
Notes: a Orbital period obtained in this work via light curve fitting (see Section A2). b Orbital period obtained from superhump period (Gänsicke et al. 2009 ). c Mass ratio estimated from the period excess (Patterson et al. 2005) . d Estimated from light curve fitting with lcurve. e Mass of the secondary star estimated from the broken-power-law semi-empirical donor sequence (Knigge et al. 2011 ) and the requirement that it fills its Roche lobe (Faulkner et al. 1972) . f Assumed mean value M 1 = 0.75 Patterson et al. (2005) . g With the absolute magnitude of outburst estimated from the orbital period (Patterson 2011) , the apparent magnitude and the distance, we derive the inclination from the correction of the absolute magnitude for a flat, limb-darkened accretion disc (Paczynski & Schwarzenberg-Czerny 1980) . h Distances from Gaia parallaxes (Gaia Collaboration et al. 2016 , Gaia Collaboration et al. 2018 , Luri et al. 2018 . i Duty cycle estimated as a function of the orbital period Coppejans et al. (2016) . This expression is only valid for systems below the period gap. j Mass transfer rate from the secondary star estimated as a function of the orbital period (Patterson 1984) . k Upper limit on the secular mass accretion rate from the mass transfer rate and the duty cycle, neglecting accretion during quiescence. l Limit on the maximum instantaneous mass accretion rate during outburst estimated from the excess luminosity, assuming that half of the energy available is released as radiation. m Range of accretion rates published in the literature. Table 5 . System parameters of the systems with detected spiral structures. Columns are orbital period, mass ratio (q), mass of the secondary star, mass of the primary star, inclination, distance, duty cycle (dc), mass transfer rate from the secondary star, mass accretion rate onto the primary estimated from the mass transfer rate, from the outburst luminosity and from the literature, state at which spiral waves were found and references. Details of the calculations are given in Section B.
System
Class a P orb q M 2 Notes: a Classification of CVs: dwarf novae of the subtypes U Gem (UG), SU UMa (SU) and WZ Sge (WZ); novalikes of the subtypes UX UMa (UX), SW Sex (SW) or unknown subtype (NL); and intermediate polars (IP). b Distances derived from Gaia parallaxes (Gaia Collaboration et al. 2016 , Gaia Collaboration et al. 2018 , Luri et al. 2018 . c Duty cycle estimated as a function of the orbital period Coppejans et al. (2016) . This expression is only valid for systems below the period gap. d Mass transfer rate from the secondary star estimated as a function of the orbital period (Patterson 1984) . e Constraints on the mass accretion rates (see Section B4). f Range of accretion rates published in the literature. g Activity level when the spiral density waves were observed: outburst (O), superoutburst (SO) or quiescence (Q). The phase of the outburst is also indicated if known: rise (r), maximum (m) or decline (d). Note that this does not apply to novalikes.
Outburst phase
The spiral structure that we can detect with Doppler tomography may develop only at specific phases of the outburst cycle. We have detected and followed-up outbursts from very early stages, and PTFS 1117an and V795 Cyg were unambiguously observed during the rise of the outburst. We followed-up the systems for 4-5 days, falling short to fully cover the return to quiescence in many cases (see Table 2 ). We note that the spiral structure in PTFS 1200o and SV CMi is best visible at later phases relative to the outburst, so it is possible that spiral waves are more difficult to detect at the beginning of outbursts in some systems. On the other hand, the asymmetries present in some discs, e.g. V795 Cyg, are stronger right after the peak of the outburst, fading at later phases without remarkable changes in position or extension. Thus, it seems unlikely that the systems that do not show spiral structure will do so when discs are closer to quiescence.
SUMMARY AND CONCLUSIONS
We have presented the first systematic search of spiral density waves with Doppler tomography in CVs, having solved the problem of the unpredictability of dwarf nova outbursts. We find that spiral density waves are not always observed in Doppler tomograms of CVs in outburst and have a low occurrence rate. This does not mean that spiral density waves do not develop in the systems in which we do not detect them, but rather it is possible that spiral waves are not bright enough to be detected or that some conditions in the disc may complicate detection.
Comparing our sample with systems reported to have spiral structures we note the following characteristics that favour the detection of spiral structures: (i) high orbital inclination, and in particular systems that show pure emission lines during outbursts. (ii) the presence of He ii λ4686 in emission.
As we also detected a number of systems that are at high inclination but do not show spiral structure but patchy phase-dependent emission, whose interpretation is uncertain, we strongly encourage the inclusion of radiative transfer calculations in hydrodynamical simulations of accretion discs to assess the influence of possible self-obscuration in spectral lines on the observability of underlying spiral structures.
We suggest that future observational campaigns should aim for the following two targets. First, the number of systems for which spectroscopy in outburst is available needs to be expanded. With so many transient alert systems, this can be done on a nightly basis. Systems that show pure emission lines and He ii emission should be considered for phaseresolved spectroscopy during outburst. We expect that spiral structures will be detectable in those systems. Second, follow-up campaigns for systems known to exhibit spiral waves are desirable. EX Dra is an illustrative example; since it recurs every three weeks and spends 60% of the time in outburst, it provides an opportunity to test the full evolution of the accretion disc and the spiral structure throughout the outburst cycle. This work has made use of data from the European Space Agency (ESA) mission Gaia (https://www.cosmos.esa. int/gaia), processed by the Gaia Data Processing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/web/ gaia/dpac/consortium). Funding for the DPAC has been provided by national institutions, in particular the institutions participating in the Gaia Multilateral Agreement.
Based on observations made with the NASA Galaxy Evolution Explorer. GALEX is operated for NASA by the California Institute of Technology under NASA contract iraf is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation (Tody 1993) . pyraf and pyfits are products of the Space Telescope Science Institute, which is operated by AURA for NASA.
We have made extensive use of python packages: numpy (Oliphant 2006) , matplotlib (Hunter 2007) , scipy (Jones et al. 2001) , and astropy (Collaboration et al. 2013) . We have also use the package starlink-pyndf by T. Jenesses, G. Bell and T. Marsh, which is publicly available on the website https://github.com/timj/starlink-pyndf.
We have also used the software molly and doppler by T. Marsh for preparing spectra and computing Doppler tomograms. This software is publicly available on the website http://deneb.astro.warwick.ac.uk/phsaap/software/. 
A2 Light curve fitting
We studied the light curves of three systems in order to obtain their orbital periods. PTFS 1118m was observed photometrically with the Wide Field Camera mounted on the Isaac Newton Telescope (La Palma), and the light curve, extracted with aperture photometry, is presented in Figure A3 . We fitted a sinusoidal function plus a polynomial component to account for the overall trend, and obtained an orbital period of P orb = 1.6281 ± 0.0026 hours. PTFS 1200o has been extensively observed with the Palomar Transient Factory, as shown in Figure A4 . We use the observations in the Mould R-filter, and exclude data points at magnitudes lower than R < 18.3, i.e. during outburst. We further cleaned the light curve applying a sigmaclipping algorithm to the phase folded light curve, using a tentative orbital period of 6.28 hours. We fit the remaining data points in the light curve with lcurve, a code by T. R. Marsh and collaborators (Copperwheat et al. 2010 for an example). The free parameters of our model are the orbital period, the mid-time of primary eclipse, the inclination and the mass ratio, while other parameters such as the temperature of the stellar components were fixed to typical values. We obtained an orbital period P orb = 6.27846±0.00002 hours. The resulting ephemeris is: HJD = (2456500.484053 ± 10 −6 ) + (0.261602 ± 10 −6 )E.
The inclination of the system is determined to be i = 84 • ± 2 • , and the mass ratio to be in the range 0.31 < q < 0.70.
For PTFS 1716bc, we extracted the light curve by integrating the continuum level in spectra taken with the ISIS red arm over wavelength ranges that are free of any spectral lines. Since the brightness of the system was declining towards quiescence, we applied a linear correction of 0.05 mJy day −1 in order to bring all data points to the same flux level. We found that PTFS 1716bc is an eclipsing system, and we report an orbital period P orb = 2.387 ± 0.010 hours. We present the phase-folded light curve in Figure A5 . To estimate the orbital period and the mass ratio from the superhump period excess, ε = P SH /P orb − 1, where P SH is the superhump period and P orb is the orbital period, we used the following expressions (Gänsicke et al. 2009 , Patterson et al. 2005 : P orb = 0.9162(52) P SH + 5.39(52) [min] (B1) ε(q) = 0.18q + 0.29q 2 (q < 0.38)
Kato & Osaki (2013) proposed a refinement of the estimate of the mass ratio, using the superhump period at the growing stage. However, since the stage of the reported values of superhump periods is often unclear, we prefer to use expression B2.
B2 Mass-radius relation for the secondary star
The secondary stars in CVs fill their Roche lobes, providing a relation between their mass and radii (Faulkner et al. 1972) :
Knigge et al. (2011) fitted the empirical mass-radius relation with the following broken-power-law: 
with M bounce = 0.069 ± 0.009M , M conv = 0.20 ± 0.02M , M evol 0.6−0.7M , P min = 82.4±0.7 min, P gap,− = 2.15±0.03 h, P gap,+ = 3.18 ± 0.04 h, P evol 5 − 6 h For a given orbital period, expressions B3 and B4 intersect which we use to disentangle mass and radius.
B3 Absolute magnitude of dwarf-nova outburst and inclination
The absolute magnitude of dwarf-nova outbursts, V outb , is empirically related to the orbital period according to the expression (Patterson 2011) :
with the V outb in magnitudes and the orbital period P orb in hours and where no distinction is made between normal and superoutbursts. The relation has a root-mean-square scatter of 0.41 mag. By comparison with the apparent magnitude, v outb , the distance of the system can be estimated:
where ∆V i is a correction of the absolute magnitude that depends on the inclination i of a flat, limb-darkened accretion disc (Paczynski & Schwarzenberg-Czerny 1980) :
In this work, we calculate the distances from Gaia parallaxes. Therefore, we can use the absolute magnitude of outburst to estimate the inclination of the system. If the distance is not known, an average value of i = 56.7 • is assumed for the inclination (Coppejans et al. 2016) .
B4 Mass-accretion rate
B4.1 From mass-transfer rate
The secular mass transfer rate from the secondary, M 2 , scales with the orbital period according to the following expression (Patterson 1984) :
which works well for shorter orbital periods. In steady-state accretion and without any other sources of mass loss (e.g. disk winds), the transfer rate from the secondary will equal the secular mass accretion rate onto the primary, M 1 . If we assume mass accretion only occurs during outbursts at a constant pace, the instantaneous mass accretion rate onto the white dwarf M 1, dc can be estimated if we know how much time a system spends in outburst, i.e. the duty cycle.
Following (Coppejans et al. 2016) the duty cycle can be estimated from: log(dc) = (1.9 ± 0.4) log(P orb [h]) − (1.63 ± 0.08)
This is only valid for systems below the period gap, but we extrapolated this relation for the rest of the systems. This accretion rate during outburst is an upper limit to the secular accretion rate onto the white dwarf, since it neglects the possibility of accretion during quiescence. On the other hand we also omit any mass loss in e.g. winds would decrease the effective accretion rate onto the white dwarf.
B4.2 From outburst luminosity in the optical
Alternatively, we can use the observed maximum and minimum magnitudes in the V-band, v quies and v outb , converted into flux, to estimate the mass-accretion rate during outburst.
We argue that the excess flux in outburst in the optical only comes from the disc. Neglecting any bolometric corrections, the luminosity during outburst is:
We can estimate the mass-accretion rate from the accretion luminosity assuming that the gas in the disc releases half of its potential energy in the optical during accretion:
where R 1 is estimated from M 1 according to the massradius relation for white dwarfs by Verbunt & Rappaport (1988) . As we are estimating the outburst flux solely from optical flux, this will be a lower limit to the instantaneous accretion rate, as we are neglecting emission at other wavelengths. Moreover, the flux in outburst may be understimated since the peak of the outburst may have not been observed. On the other hand, the flux in outburst most likely correspond to superoutburst for the systems below the period gap; but this is typically a small deviation from normal outburst.
APPENDIX C: COMMENTS ON THE DETECTION OF SPIRAL DENSITY WAVES IN THE LITERATURE
We briefly review the occurrence of spiral density waves published in the literature: Figure D2 . Average spectra per night of the systems observed in this work (cont.) Figure E1 . Doppler tomograms and trailed spectra for PTFS 1200o Figure E2 . Doppler tomograms and trailed spectra for SV CMi Figure E3 . Doppler tomograms and trailed spectra for PTFS 1716bc
